We have used comparative genomic hybridization (CGH) on a full-genome Campylobacter jejuni microarray to examine genome-wide gene conservation patterns among 51 strains isolated from food and clinical sources. These data have been integrated with data from three previous C. jejuni CGH studies to perform a metaanalysis that included 97 strains from the four separate data sets. Although many genes were found to be divergent across multiple strains (n ‫؍‬ 350), many genes (n ‫؍‬ 249) were uniquely variable in single strains. Thus, the strains in each data set comprise strains with a unique genetic diversity not found in the strains in the other data sets. Despite the large increase in the collective number of variable C. jejuni genes (n ‫؍‬ 599) found in the meta-analysis data set, nearly half of these (n ‫؍‬ 276) mapped to previously defined variable loci, and it therefore appears that large regions of the C. jejuni genome are genetically stable. A detailed analysis of the microarray data revealed that divergent genes could be differentiated on the basis of the amplitudes of their differential microarray signals. Of 599 variable genes, 122 could be classified as highly divergent on the basis of CGH data. Nearly all highly divergent genes (117 of 122) had divergent neighbors and showed high levels of intraspecies variability. The approach outlined here has enabled us to distinguish global trends of gene conservation in C. jejuni and has enabled us to define this group of genes as a robust set of variable markers that can become the cornerstone of a new generation of genotyping methods that use genome-wide C. jejuni gene variability data.
Campylobacter jejuni is a human pathogen, a commensal inhabitant of many domestic animals, and globally, the most common cause of acute bacterial enteritis (for a review, see reference 31). Two well-established serotyping methods, namely, Penner typing based on heat-stable antigens and Lior typing based on heat-labile antigens, have been in use for more than two decades to study species diversity, to track epidemiological trends, and to determine important epidemiological correlations (15, 23) . Technical limitations on the production of high-quality typing sera have limited the availability of these reagents. Culturing conditions can affect the expression of serotyping determinants, which affects serotyping results, and several strains are nontypeable (32) . Additionally, serotype relatedness is not always indicative of genetic relatedness since members of different serotypes of C. jejuni are genetically related, despite differences in heat-stable antigen expression (16) .
The need for alternative subtyping schemes has been recognized, leading to the development of a number of different methods based on differences at the DNA level (i.e., genotyping). The techniques used at present range from analysis of polymorphisms in groups of housekeeping genes (multilocus sequence typing [5, 26] ), amplified fragment length polymorphism analysis (28) , restriction fragment length polymorphism analysis of flaA or rRNA genes (for a review, see reference 32) , and pulsed-field gel electrophoresis (PFGE) analysis of macrorestriction patterns (34) . Despite the large number of competing approaches, PFGE (8) and, more recently, multilocus sequence typing (26) have emerged as the present "gold standard" genotyping methods, and considerable efforts have been made to standardize protocols in order to facilitate interlaboratory comparisons (32) .
One potential weakness shared by these genotyping approaches is that strain relatedness is inferred on the basis of limited subsampling of the entire genome (14) . Whole-genome sequencing provides the most complete data set for comparative genomics studies; and genome sequence data are available for more than one strain of an increasing number of bacterial species, which includes Helicobacter pylori (1) and Escherichia coli (24, 33) , among others. The genomic sequence of C. jejuni NCTC 11168 was completed by Parkhill et al. (21) ; and preliminary genome sequence data for a second C. jejuni strain, RM1221 (18) , has recently been made available by The Institute for Genomic Research (TIGR; http://www.tigr.org). Despite these efforts, species with multiple strain coverage number less than 20, and in most cases genome sequence data sets are restricted to two strains. Although sequencing of bacterial genomes has become technically straightforward, it remains expensive and logistically demanding. It is unlikely that whole-genome sequencing can be used for genotyping or large-scale comparative genomics.
Whole-genome sequence data have been used to construct full-genome DNA microarrays that include every open reading frame (ORF) in a genome strain. Microarray-based comparative genomic hybridization (CGH), in which labeled DNAs from two strains are competitively hybridized to a full-genome microarray, has been described in numerous reports (2-4, 6, 9, 11, 20, 27) . Microarray-based CGH provides both rich data sets for whole-genome genotyping and an indirect approach for comparative genomics in the absence of whole-genome sequence data. Studies on the genetic diversity and the feasibility of using DNA microarrays as a tool for the genotyping of C. jejuni (7, 14, 22) have demonstrated the value of microarraybased CGH in comparative genomics.
Initial observations of C. jejuni genetic variability by Dorrell et al. (7) were based on a survey of 11 strains. Leonard et al. (14) and Pearson et al. (22) have recently analyzed an additional 16 and 18 strains, respectively. These small-scale studies have revealed extensive genetic variability in C. jejuni, underscoring the need to further characterize intraspecies variability through large-scale surveys involving data sets comprising greater epidemiological, phenotypic, and geographical strain diversities. With the 51 strains analyzed in the present study, the cumulative data on C. jejuni represent the largest and most diverse microarray-based comparative genomics data set to date. We describe here a detailed meta-analysis of all available C. jejuni CGH data. The data have provided us with a comprehensive picture of global C. jejuni gene conservation patterns that suggest low levels of genome plasticity. This analysis has also enabled us to define a highly robust set of variable genes for genotyping of C. jejuni. An increasing body of C. jejuni CGH data will enable us to begin formulating hypotheses about C. jejuni genome evolution and the development of the wide variation in virulence, pathogenicity, and host specificity observed in this economically and medically important human pathogen.
MATERIALS AND METHODS
Bacterial strains. The backgrounds for the 51 strains that we analyzed by microarray-based CGH are presented in Table 1 . C strains and F strains, obtained from the Bureau of Microbial Hazards (Health Canada, Ottawa, Ontario, Canada), represent clinical and food isolates, respectively, collected in Ottawa and the surrounding area over a period spanning from January 1998 to January 2001. For additional strain information, see http://ibs-isb.nrc-cnrc.gc.ca/ibs /immunochemistry/suppInfo_Taboada_2004a_e.html. Strains were selected to cover a wide range of different PFGE profiles (17) . Cells were grown on MuellerHinton agar plates (Difco, Oakville, Ontario, Canada) for 36 h at 42°C under microaerophilic conditions prior to DNA isolation.
Construction of a C. jejuni NCTC 11168 ORF DNA microarray. PCR primers were designed for each of the 1,634 ORFs described in the annotated sequence of C. jejuni NCTC 11168 (21) . Primers were selected by using the Primer3 program (25) . Primer selection parameters were standardized and included a similar predicted melting temperature (58 to 62°C), uniform length (25 nucleotides), and a minimum amplicon size of 100 bp. A computer program designed in-house (the make_primers program) was used to administer Primer3 submissions, collect acceptable primer pairs, and resubmit requests for ORFs that failed to yield acceptable primer pairs (http://ibs-isb.nrc-cnrc.gc.ca/ibs/immunochemistry /group_software_e.html). Primer synthesis was performed in a high-throughput 96-well LCDR/MerMade oligonucleotide synthesizer (BioAutomation Corporation, Court Plano, Tex.). ORF-specific amplicons were produced from 30 ng of a genomic DNA template in a 96-well plate format by standard PCR amplification methods. Amplicon quality and sample tracking were performed with BRIDNA, an in-house database developed by the Biotechnology Research Institute, National Research Council of Canada, Montreal, Quebec, Canada (http://www.bri.nrc-cnrc.gc.ca/business/microarraylab/bridna_e.html). Amplicons were purified in Multiscreen-FB plates (Millipore), lyophilized, and resuspended to an average concentration of 0.1 to 0.2 g/l in spotting buffer (50% dimethyl sulfoxide, 1 mM EDTA [pH 8.0]). Microarrays were printed onto CMT-GAPS II slides (Corning) by using a Chipwriter spotting robot (Bio-Rad, Mississauga, Ontario, Canada). Details on the construction and content of this microarray (CampyChip1.2) are available at http://ibs-isb.nrc-cnrc.gc.ca/ibs/immunochemistry /campychips_e.html.
Isolation of genomic DNA. C. jejuni strains were harvested from the growth on plates that had been incubated for 24 h, resuspended in 10 mM Tris-10 mM EDTA (pH 8.0), and treated with lysozyme (Roche, Laval, Quebec, Canada) and RNase A (Qiagen, Mississauga, Ontario, Canada) for 10 min at room temperature. The cell suspensions were then digested with proteinase K (MBI Fermentas, Burlington, Ontario, Canada) for 1 h at 37°C, and complete lysis was obtained by addition of sodium dodecyl sulfate to a final concentration of 0.1% (wt/vol). Genomic DNA was extracted from the cell lysates by three extractions with phenol-chloroform-isoamyl alcohol (25:24:1) and was precipitated in isopropanol. Genomic DNA labeling. Genomic DNA was restricted to an average size of 2 to 5 kb by double digestion with EcoRI and HindIII. A total of 5 g of DNA was fluorescently labeled by direct chemical coupling with the Label-IT (Mirus Corp., Madison, Wis.) dyes cyanine 3 (Cy3) and Cy5, as recommended by the manufacturer. Probes were purified from the incorporated dyes by sequentially passing samples through SigmaSpin (Sigma, Oakville, Ontario, Canada) and Qiaquick (Qiagen) columns. Labeled DNA sample yields and dye incorporation efficiencies were calculated by using an ND-1000 spectrophotometer (Nanodrop, Rockland, Del.).
Microarray hybridizations. The hybridization profile for each strain was obtained by cohybridizing labeled DNA from the test strain and from strain NCTC 11168 (control) to our microarray. By convention, the DNA from test strains was labeled with Cy5 and that from the control strain was labeled with Cy3, although reciprocal labeling was performed with selected strains to test for potential dye incorporation bias. Labeled samples were normalized by selecting test and control sample pairs with similar dye incorporation efficiencies. Equivalent amounts (1 to 2 g) of labeled test and control samples were pooled, lyophilized, and then resuspended in 35 l of hybridization buffer (1ϫ DIGEasy hybridization solution [Roche, Laval, Quebec, Canada], 0.5 g of torulla yeast tRNA per l, 0.5 g of denatured salmon sperm genomic DNA per l). The probes were denatured at 65°C for 5 min, cooled to room temperature, and applied to the microarray. Hybridizations were performed overnight at 37°C under glass coverslips (24 by 42 mm) in a high-humidity chamber. Microarrays were washed two times for 10 min each time at 50°C in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate, two times for 5 min each time at 50°C in 0.5ϫ SSC, and once for 5 min at 50°C in 0.1ϫ SSC. The slides were spun dry (500 ϫ g, 5 min) and stored in light-tight containers until they were scanned.
Data acquisition and analysis. The microarrays were scanned with a Chipreader laser scanner (Bio-Rad), according to the recommendations of the manufacturer. Spot quantification, signal normalization, and data visualization were performed with the program ArrayPro Analyzer (version 4.5; Media Cybernetics, Silver Spring, Md.). Net signal intensities were obtained by performing local-ring background subtraction, and spots with a signal less than five times greater than the background signal were excluded from the analysis. Signal intensities for triplicate spots were averaged, and the data from each channel were adjusted by subarray normalization by using cross-channel Loess regression. The ratio of the signal for the test strain to that for the control strain for each gene was transformed to its base 2 logarithm (29), log 2 (tester signal/C. jejuni NCTC 11168 signal), hereafter referred to as the "log ratio," and genes with log ratios less than Ϫ0.97 were considered divergent. Technical variations in our methodology were tested for by selecting a subset of strains for replicate hybridizations and treating the data from replicates separately throughout the various analyses. Consistency in the data was assessed by direct comparison of the lists of variable genes obtained from each replicate. In order to examine mapping of variable genes to genomic regions, we organized all CGH data by assuming conservation of gene order (synteny) with C. jejuni NCTC 11168. Genes were assigned to the highly variable (HV) group if they were divergent in more than one strain. On the basis of our unpublished observations of CGH with C. jejuni RM1221, log ratios less than Ϫ3.3 are likely to represent genes that are highly divergent (HD) or absent in the tester strain (see Fig. 4A ). Genes were assigned to the HD group if the lowest observed log ratio for the gene was less than Ϫ3.3 for any of the strains in the data set. All non-HD genes were assigned to the moderately divergent (MD) group.
Analysis of additional C. jejuni data sets. The results analyzed for data set I (7), in which divergent genes had previously been determined by using a log ratio threshold of Ϫ1.0, were obtained from http://www.sghms.ac.uk/depts/medmicro /bugs/GR-1858/index.htm. Raw log ratio data from data set II (14) were obtained from the Stanford Microarray Database website (http://genome-www5.stanford .edu/); the data were reanalyzed by using a log ratio threshold of Ϫ0.97 to define divergent genes. Highly divergent genes (log ratio Ͻ Ϫ3.3) were determined by using data sets for which raw microarray CGH data were available (data sets II and III). The results are summarized at http://ibs-isb.nrc-cnrc.gc.ca/ibs/immuno chemistry/suppInfo_Taboada_2004a_e.html. The results for data set IV (22) , in which the authors applied a novel algorithm to determine divergent genes from CGH data, were obtained from http://www.sciencedirect.com/science/Miami MultiMediaURL/B6T36-49SW7D4-9/B6T36-49SW7D4-9-4/4938/Table.xls. A list of genes which are highly variable and highly divergent, as determined from our meta-analysis of the four data sets, is provided at http://ibs-isb.nrc-cnrc.gc.ca/ibs /immunochemistry/suppInfo_Taboada_2004a_e.html. Only data for 1,597 genes common to all data sets were considered for analysis. The BLAST server at TIGR (http://tigrblast.tigr.org/ufmg/index.cgi?databaseϭc_jejuni|seq) was used to determine the levels of homology between NCTC 11168 genes and the draft RM1221 genome sequence. Preliminary sequence data were obtained from the Institute for Genomic Research through the website at http://www.tigr.org. Our clusters of orthologous genes (COGs) analysis was performed by using COG assignments of the C. jejuni NCTC 11168 genome available from http://www .ncbi.nlm.nih.gov/sutils/coxik.cgi?giϭ152&targetϭa. COG X was created by the authors to denote genes that do not fall under any other COG groups.
RESULTS
Determination of divergent genes in C. jejuni genome. The hybridization profile for each of 51 strains analyzed in this study was obtained by hybridizing labeled genomic DNA to a C. jejuni microarray based on sequence data from the genome strain NCTC 11168. Divergent and absent genes are expected to show decreased hybridization signals with respect to those obtained with the genome strain, and we designated genes as divergent using a threshold log ratio of Ϫ0.97. By using this threshold, approximately 20% of the genes (327 of 1,634) in C. jejuni NCTC 11168 were divergent in at least 1 of the 51 strains that we examined. Although we obtained a number of variable genes similar to that in a previous study of C. jejuni (7) , 327 compared to 322, only 153 genes were found to be variable in both data sets. Because of the uniqueness encountered in each data set, we combined our CGH data (data set III) with those from two previous studies (data set I, results from reference 7; data set II, results from reference 14) to produce a data set of 79 strains for the meta-analysis in order to reduce the effect of sampling biases. We determined that 542 genes were divergent in at least one of the strains in the meta-analysis data set (Fig.  1A) , a value that is considerably higher than the number of variable genes within each data set (n ϭ 322, n ϭ 213, and n ϭ 327 for data sets I, II, and III, respectively). The increase in the number of variable genes in the collective data is due to the large number of genes (333 of 542) that were variable in only one of the three data sets (Fig. 1A , sum of unshaded values).
An additional factor contributing to the large number of variable genes observed in the meta-analysis data set is the number of genes, 217 of 542 (40%), which were divergent in a single strain (termed "singletons"). A high prevalence of singletons was found in each of the three strain sets analyzed here (data set I, 48.1% of 322 genes; data set II, 22.6% of 213 genes; data set III, 35.2% of 327 genes; Fig. 1B) . Although the biological significance of the large numbers of divergent singletons in each data set is unknown, a lower number of singletons was observed in data set II, which is composed of epidemiologically related strains (14) . The incidence of singletons is likely a reflection of the degree of genetic relatedness of the members of a data set. Although many divergent singletons in one study mapped onto genes that are variable in another data set, use of a combination of data from any two studies led to a high but stable proportion (35 to 39%) of cumulative singletons (Fig. 1B) . It would therefore appear that any group of genetically diverse strains is likely to collectively harbor a significant repertoire of genes found to be uniquely divergent in individual strains.
Although differences in the methodology used to define divergent genes prevented us from directly incorporating data set IV (22) into the meta-analysis data set, we were able to compare the gene conservation trends obtained in each data set (Fig. 2) . Of 266 genes that were variable in data set IV, 78% (209 of 266) had variable counterparts in the meta-analysis data set. Despite the overlap between data sets, of 542 genes that were variable in the meta-analysis data set, 61% (333 of 542) had no variable counterparts in data set IV. Similarly, 57 genes that were variable in data set IV had no variable counterparts in the meta-analysis data set. Of note, more than half of the variable genes unique to data set IV (33 of 57) were divergent singletons. The remaining singletons in data set IV (n ϭ 31) mapped to variable genes previously identified in the meta-analysis data set.
Analysis of gene conservation patterns in C. jejuni genome. The original number of variable genes reported by Dorrell et al. (7) , data set I, was ϳ20% (n ϭ 322) of the genes in strain NCTC 11168, with ϳ80% of genes showing high degrees of conservation among all strains. The investigators acknowledged that this level of conservation was likely to be overestimated because of the small number of strains studied. When we combined our data for 51 strains with data for 46 strains from three previous studies (7, 14, 22) , 599 genes, or 36.6% of the 1,634 genes in C. jejuni NCTC 11168, were detectably divergent in at least one strain. The almost 10-fold increase in the number of strains included in this meta-analysis uncovered an additional 277 divergent genes.
Even though the microarray data cannot provide evidence on the conservation of gene order, if we assume only localized regions of synteny between test strains and genome strain NCTC 11168, more than half of all divergent genes in our meta-analysis mapped to 16 well-defined genomic regions likely to represent functionally related groups of genes ( Fig. 2 ; Table 2 ). Most of the variable genes in the meta-analysis data set converged onto variable loci previously defined by Dorrell et al. (7) and Pearson et al. (22); these include the lipooligosaccharide, capsular polysaccharide, and flagellar biosynthetic loci and the restriction-modification locus (Fig. 2) . In several cases, variable loci were expanded by the additional data. For example, the variable locus between Cj0295 and Cj0309c (Fig.  2, region 4) was increased by an additional seven genes, on the basis of the CGH meta-analysis data set. Similarly, the restriction-modification locus (Fig. 2, region 14) , which spanned from Cj1549c to Cj1556 in the original data set of Dorrell et al. (7), was increased by an additional 10 genes (from Cj1543 to Cj1563c) when the cumulative data were taken into account.
Global trends in C. jejuni gene conservation. The results from our large-scale meta-analysis of C. jejuni CGH data (data sets I through IV) show that 36.6% of the genes in C. jejuni NCTC 11168 were variable in at least 1 of the 97 strains from the four data sets. Of these, 350 showed significant intraspecies variability in the form of detectable divergence across multiple strains. On the basis of their high degrees of intraspecies conservation, the remaining 1,284 genes (78.6%) are likely to form a core set of genes required by C. jejuni. We carried out an analysis of the variability levels observed within each group of COGs to illustrate variability across different functional groups of genes and also calculated the percentage of HV and HD genes within each COG (Fig. 3) . Many of the genes involved in utilization of secondary metabolites, cell envelope biogenesis, and carbohydrate transport and metabolism (COGs Q, M, and G, respectively) showed both high degrees of divergence and high degrees of intraspecies variability. As variation in the complement of genes in the last two COGs can generate heterogeneity in cell surface structures (10, 12) , a low level of conservation was expected. Genes involved in DNA replication, recombination, and repair (COG L) had lower than expected conservation levels due to the inclusion of the restriction-modification system in this COG group. Nearly all HV genes (eight of nine) and all HD genes (five of five) in this COG were restriction-modification enzymes. Whereas 65.5% (915 of 1,398) of the C. jejuni genes that have homologs in other species are conserved in all strains, this value decreases to only 49.3% (98 of 199) in the subset of genes that are unique to C. jejuni. This accounts for a lower-than-average conserva-FIG. 1. Cumulative data from microarray-based CGH surveys of C. jejuni. (A) Divergent genes observed in data sets I, II, and III analyzed in this survey (see text). Of the 542 divergent genes observed in the collective data set, 209 are variable in two or more data sets (gray shading). The remaining 333 genes were variable in only one of the data sets. (B) Prevalence of genes divergent in a single strain (singletons) in three different C. jejuni CGH data sets. Whether analyzed separately or in various combinations (1, data set I; 2, data set II; 3, data set III; 4, data sets I and II; 5, data sets I and III; 6, data sets II and III; 7, data sets I, II, and III), a significant number of divergent singletons (striped bars) were obtained in the various data sets.
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on November 10, 2017 by guest http://jcm.asm.org/ tion level in COGs S and X, which have high proportions of genes unique to C. jejuni. Determination of a robust set of variable genes for C. jejuni genotyping. To be useful in a molecular typing context, the genes to be used for genotyping should show high degrees of intraspecies variability and should provide unambiguous results. We carried out a detailed analysis of the raw microarray CGH data available (data sets II and III) and coupled the (Table 2 ). These include the lipooligosaccharide biosynthesis locus (L), the flagellar biosynthesis locus (F), the capsular polysaccharide biosynthesis locus (CP), and the restriction-modification locus (RM). Although similar trends were observed for all four data sets, data set III (A) shows better resolution because of the larger sample size.
information for genes with high degrees of intraspecies variability with two additional criteria that should enhance the reliability of the CGH observations: highly negative log ratio values (i.e., the HD group) and the occurrence of adjacent genes that are divergent within the same strain (i.e., divergent neighbors).
(i) HD group. Our preliminary observations on the microarray data for C. jejuni RM1221 compared with those for NCTC 11168 CGH showed that all highly negative log ratios (log ratios Ͻ Ϫ3.3) corresponded to genes which are found in strain NCTC 11168 and which are absent from strain RM1221 (Fig.  4A) . A detailed analysis of CGH data from data sets II and III revealed genes in which a minimum log ratio of less than Ϫ3.3 was observed in at least one strain. These genes were assigned to the HD group, and all other variable genes were assigned to the MD group. Of the variable genes in data sets II and III, 122 showed highly negative log ratios for at least one strain, providing unambiguous evidence for either high levels of sequence divergence or gene absence. For each variable gene, we calculated the average log ratio for all strains in which the gene was divergent and found that the average log ratio of the HD genes is approximately 1 log 2 unit lower than that of the MD genes, and thus, HD genes have a tendency toward highly negative log ratios (Fig. 4B) .
(ii) HV group. More than two-thirds (268 of 391) of the variable genes found in data sets II and III were HV in multiple strains. Although 54.3% (146 of 268) of the MD genes were also HV, every HD gene was also HV (122 of 122) (Fig.  4C) .
(iii) Divergent neighbors. Although genomic rearrangements cannot be detected by CGH analysis, there is growing evidence that variable genes in C. jejuni are found in clusters (22) . Thus, the presence of genes that have decreased hybridization signals within a single strain and that are adjacent in NCTC 11168 provides stronger evidence of gene divergence or gene absence than does the occurrence of genes without divergent neighbors. Fifty-eight percent of all variable genes that are adjacent to each other in the C. jejuni NCTC 11168 genomic sequence were found to be codivergent in at least one of the strains studied, and these divergent neighbors were often functionally related. Although only 41.3% of the MD genes had divergent neighbors, 95.9% of the genes in the HD group had divergent neighbors within the same strain (Fig.  4D) .
The results summarized in Fig. 5 show that of the 122 HD genes, 117 (95.9%) fulfilled the two additional criteria, i.e., HV and divergent neighbors (Fig. 5E ), whereas this value was only 34.6% (93 of 269) among the MD genes (Fig. 5A) . In addition, whereas the MD genes tended to vary in small numbers of strains (n ϭ 269, mean ϭ 4.0, standard deviation ϭ 6.3), HD genes tended to be variable in larger numbers of strains (n ϭ 122, mean ϭ 26.5, standard deviation ϭ 15.9) (Fig. 6 ). As genes with detectable divergence across various data sets are likely to represent a useful set of typing markers, it is significant that ϳ57% (70 of 122) of the HD genes were also found to be HV in all four C. jejuni data sets included in the metaanalysis. Thus, it appears that our selection criteria independently converge on the HV and HD genes common to all four data sets.
DISCUSSION
Although many of the early observations on C. jejuni gene conservation patterns (7) have been corroborated by additional data (14, 22 ; this study), the meta-analysis of cumulative CGH data reported here has enabled us to uncover global trends that would be difficult to obtain from the individual data sets. Wassenaar et al. (30) have shown that C. jejuni can undergo significant but rare genomic rearrangements, and it is very unlikely that microarray-based CGH would detect these. However, even if we assume that only small genomic regions are able to maintain synteny, the global gene divergence patterns observed in the expanded CGH data set show that gene divergence in C. jejuni is largely restricted to a small number of genomic regions and provides indirect evidence that large portions of the C. jejuni genome are stable. On the basis of observations for 18 strains, Pearson et al. (22) have shown that the locations of variable genes in C. jejuni are not random, and the results of our meta-analysis confirm these findings. The clustered nature of variable genes is also consistent with an analysis of genome sequences of multiple strains which has shown that closely related genomes are largely colinear and that most of the genomic differences between two strains are in the form of multigene insertions or deletions that are likely the result of homologous recombination events (1, 24, 33) . Mira et al. (19) have shown that the synteny displayed by closely related genomes is higher for genomes with few or no repeated genetic elements. The genome stability predicted from the CGH data is consistent with the lack of mobile genetic elements or repeated sequences in the genome sequence of C. jejuni NCTC 11168 (21) and appears to be a feature of C. jejuni evolution. Direct evidence from comparative genomics with whole-genome sequence data will be required to confirm these indirect observations, and the forthcoming C. jejuni RM1221 genome sequence is likely to shed light on this issue.
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a Endpoints for each hypervariable region were determined by extending each region to include the longest contiguous block of neighboring variable genes determined from the meta-analysis data set, assuming the NCTC 11168 gene order. Regions 4, 6, 9, 11, 12, 13, and 16 represent plasticity regions 1 to 7 (22), respectively. data interpretation. Two biological processes, gene divergence and gene loss, are inferred solely on the basis of differential hybridization signals that are largely the result of a spectrum of degrees of gene divergence that can culminate in gene loss. Kim et al. (13) have argued that the use of arbitrary thresholds tends to underestimate the true number of outliers (divergent genes) in microarray-based CGH analysis and have devised a method that increases the sensitivity of outlier detection by dynamically computing a threshold based on the distribution of log ratio values for each hybridization experiment. For the purposes of exploratory comparative genomics, the increased sensitivity of this method is clearly superior to that from the use of a static threshold, but one drawback of this approach is that narrow log ratio distributions can produce thresholds with decreased stringencies that may overestimate the numbers of outliers. In addition, the use of the log ratio distribution ig-FIG. 3. Gene conservation levels across different COG groups. Conservation levels were calculated as the percentage of variable genes in each COG group on the basis of the cumulative data from data sets I, II, III, and IV (black bars). The percentage of variable genes belonging to the HV group (striped bars) and the HD group (white bars) was also calculated for each COG. The HV and HD genes are defined in the text. COG X was created by the authors to denote all genes that do not fall under all other defined COG groups. HD and HV genes are not mutually exclusive, as their sum can exceed the total number of variable genes. PTM, posttranslational modification.
nores the effects of signal intensity and dynamic range on outlier detection, especially as low-intensity data are inherently less reliable because of low signal-to-noise ratios. For strain classification and genotyping, it is crucial that only unambiguous gene divergence data be used for analysis, and new methods which incorporate dynamic threshold determination but which apply intensity-dependent corrections to the threshold will need to be developed. In their absence, we have chosen to use a conservative linear threshold, a log ratio of Ϫ0.97, to assign gene divergence. Our decision to select this value was based on a high-resolution exploration of the range of thresholds from Ϫ0.75 to Ϫ3.0 (results not shown). Whereas increasing the stringency of the threshold to values below Ϫ0.97 led to a modest but steady drop in the number of genes assigned as divergent, even small decreases in the stringency of the threshold to values above Ϫ0.97 led to large increases in the number of potential false-positive results. It would therefore appear that thresholds at or near this value represent a good compromise between maximizing the sensitivity of divergent gene detection and minimizing the number of false-positive results.
Previous microarray-based CGH studies with C. jejuni and other species have grouped divergent and deleted genes into a single category because present analytical tools are unable to make the distinction between the two (7, 13) . On the basis of FIG. 4 . Association between high levels of divergence, the occurrence of codivergent clusters, and divergence in multiple strains. (A) Genes which were divergent in experiments with strain RM1221 and NCTC 11168 CGH (log ratio Ͻ Ϫ0.97) were binned by log ratio value. The BLAST server at TIGR was used to examine the homology of the corresponding NCTC 11168 genes to the RM1221 genome sequence. Gray bars, the number of genes in each bin for which BLAST hits indicated detectable sequence identities; black bars, genes without BLAST hits in the RM1221 genome. On the basis of these data, a log ratio ϽϪ3.3 was used as a cutoff to define HD or absent genes from CGH data. (B) Average log ratios [log 2 (test signal/control signal)] for HD and MD genes. A statistically significant difference in the average log ratios for the two groups can be observed. (C) Percentage of divergent genes that were variable in multiple strains. HD genes are exclusively found to be divergent in multiple strains (100%; 122 of 122). In contrast, MD genes have a similar likelihood of being divergent in a single strain or in multiple strains (45.7 and 54.3%, respectively). (D) Percentage of divergent genes that were adjacent in the C. jejuni NCTC 11168 genome. The majority of HD genes have codivergent neighbors (95.9%; 117 of 122), whereas this value is only 41.3% among MD genes. The figure is based on raw microarray CGH data for data sets II and III.
empirical CGH work with strain RM1221 (Fig. 4A) , we have determined that moderately negative log ratios are more likely to represent gene divergence events, whereas genes with highly negative log ratios are more likely to represent gene absence events. A detailed examination of the microarray CGH data allowed us to make the distinction between genes that exhibit high levels of divergence and genes that exhibit moderate levels of divergence on the basis of differences in the amplitudes of their respective log ratio values. Of the 599 genes observed to be divergent in the four data sets, 122 qualified as HD on the basis of the highly negative log ratios observed in at least one of the strains in data sets II and III.
In order to identify a set of divergent genes that would be most useful for genotyping, we coupled the data for genes with high intraspecies variability, as detected by CGH, with additional lines of evidence of potential biological importance: high degrees of divergence in one or more strains and the occurrence of adjacent divergent genes within a single strain. Although the distinction between highly and moderately divergent genes based on highly negative log ratios requires further refinement, it is worth noting that 96% (117 of 122) (Fig. 5E ) of the HD genes that we identified have divergent neighbors and are divergent in multiple strains. More significantly, as these genes tend to provide unambiguous microarray results and tend to have high intraspecies variabilities, they represent an excellent set of polymorphic markers that could form the basis for a highly discriminatory genotyping method. Of the 84 genes that were HV in each of the four data sets analyzed, 70 were also HD (see http://ibs-isb.nrc-cnrc.gc.ca/ibs/immuno chemistry/suppInfo_Taboada_2004a_e.html). Well-known polymorphic regions (e.g., lipooligosaccharide biosynthesis, flagellar biosynthesis, and capsular polysaccharide biosynthesis) are a significant source of HV and HD genes. These loci (Fig. 2,  regions 11 , 12, and 13, respectively) contain 7, 15, and 14 HV and HD genes, respectively. Another region contributing a large number of HV and HD genes (n ϭ 10) is the region from Cj0480c to Cj490 (Fig. 2, region 6 ), which Pearson et al. (22) have termed plasticity region 2. This region contains truncated genes for altronate hydrolase and aldehyde dehydrogenase, a putative sugar transporter and a putative oxidoreductase, respectively, among others. Hypervariable region 3 (Fig. 2 , region 3), which contains several iron uptake transporters and a putative membrane siderophore, contains three contiguous HV and HD genes (Cj0178-Cj0179-Cj0180). While many HV and HD genes have known function, a large number of HV and HD genes (16 of 70; 23%) represent putative or hypothetical genes of unknown function. While the preponderance of wellestablished polymorphic genes among the list of 70 HV and HD genes validates the results of our CGH meta-analysis, our results also show that a significant number of HV and HD genes represent novel polymorphic typing targets.
The main advantage of the meta-analysis approach described here is that increased sample sizes tend to comprise a greater degree of genetic diversity, reducing the effect of sampling biases. As the manuscript was being finalized, data set IV (22) became publicly available, which enabled us to perform a comparison of the global trends obtained from large-scale sampling using our original meta-analysis data set (data sets I, II, and III) and those obtained from the 18 strains evaluated in that study. There was significant overlap in the variable genes obtained from both data sets, as 78% of the variable genes (208 of 266) in data set IV had variable counterparts in the metaanalysis data set. However, despite similar gene conservation profiles, data set IV contained 58 variable genes that had shown no variability among the 79 strains in the original metaanalysis data set. Thus, despite the large sample size used in this study, we recognize that a more comprehensive study of C. jejuni comparative genomics will require targeted sampling of strains expected to be genetically diverse on the basis of a number of different epidemiological or phenotypic parameters.
Using a meta-analysis approach, we have been able to identify genes that have high degrees of intraspecies variability in C. jejuni and that can be targeted for genotyping purposes. Since most present molecular typing methodologies are based on DNA polymorphisms with poorly defined biological significance, a new generation of genotyping methods that incorporate data from microarray-based CGH will have the advantage of being founded on tracking of the conservation of genes of interest at the wholegenome level. This fundamental difference represents a major leap toward the rational design of molecular typing methods that couple biologically relevant information, namely, the gene conservation profiles that ultimately govern a strain's phenotype, to epidemiological surveillance.
